We report the structural characterization of a thiolate-ligated ferryl radical. Using x-ray absorption spectroscopy, we examined chloroperoxidase ( 
C
ytochrome P450s are hydroxylating thiolate-ligated heme proteins that play critical roles in the production of hormones and the metabolism of xenobiotics. The human enzyme CYP2B6, for example, has been implicated in the metabolism of bupropion (for the treatment of depression and attentiondeficit͞hyperactivity disorder), ifosfamide (for the treatment of cervical cancer), tamoxifen (for the treatment of breast cancer), selegiline (for the treatment of Parkinson's disease), and nicotine (1) (2) (3) .
The generally accepted mechanism for P450 hydroxylations involves a poorly characterized iron(IV)oxo (ferryl) radical intermediate called compound I. This species is highly reactive. As a result, its characterization has been limited to that afforded by rapid-scan stopped-flow spectrophotometry. Ishimura and coworkers (4) and Sligar and coworkers (5) reported the formation of P450-I in reactions of ferric P450 with metachloroperoxybenzoic acid. In both cases the putative intermediates were prepared in low yield and their representative spectra were obtained by singular value decomposition. Spectral assignments for these intermediates were based on comparisons with the visible absorption spectrum of chloroperoxidase (CPO) compound I (CPO-I) (6) .
CPO is a valuable model system for cytochrome P450. CPO catalyzes P450-like hydroxylations (7) , and its various forms show spectroscopic signatures that are similar to their P450 counterparts (8, 9) . The hydroxylating species in CPO is a thiolate-ligated ferryl radical, CPO-I. Similar to P450-I, this species is reactive. CPO-I has a half-life of Ϸ1 s at room temperature (10) . Unlike P450-I, however, CPO-I can be prepared in high yield by using rapid freeze-quench techniques. To date, CPO-I has been characterized by Mössbauer (11), resonance Raman (10), electron paramagnetic resonance (11) , and visible absorption (6) spectroscopies.
Theory suggests that thiolate-ligated ferryl radicals possess unusual electronic and geometric structures. Density functional calculations predict that the donating thiolate ligand is oxidized during compound I formation (12) (13) (14) . This result (which deviates from the standard porphyrin-radical cation model) provides a satisfactory explanation for the unique electronic coupling observed in CPO-I (12) . Density functional calculations also indicate that strong interactions between the thiolate and oxo ligands result in unusually long Fe-S bonds (2.44-2.69 Å) (12) (13) (14) . The accuracy of these theoretical predictions and the role that these features play in the oxygen-transfer chemistry of thiolate-heme enzymes remains to be determined.
To gain insight into the workings of these reactive species, we performed x-ray absorption measurements on CPO-I. Here we present an unambiguous structural characterization of a thiolateligated ferryl radical (15, ‡). As such, our results provide a look at the reactive intermediate of P450 chemistry.
Materials and Methods
CPO was obtained from Caldariomyces fumago and purified according to known procedures (16) . CPO-I samples were prepared by reacting 4 mM ferric CPO with 80 mM peracetic acid in a 2:1 mixture that was quenched in liquid ethane 10 ms after mixing. Both reagents were in 100 mM potassium phosphate buffer (pH 6.5). Electron paramagnetic resonance measurements revealed that all samples contained greater than Ϸ90% CPO-I. X-ray absorption measurements were performed at the Stanford Synchrotron Radiation Laboratory on beam line 10-2 at T Ϸ 10 K. The data were collected by using a Si(220) ϭ 90°double-crystal monochromator detuned 50% at 8,300 eV for harmonic rejection. Data sets were collected with a 30-element Ge detector (Canberra, Meriden, CT). All x-ray absorption spectroscopy experiments were performed in f luorescence mode. X-ray absorption spectroscopy data were analyzed with the curve-fitting program EXAFSPAK using ab initio phases and amplitudes that were generated with the program FEFF 8.x39 (17) . To minimize the effects of photoreduction, the sample was moved in the beam so that a fresh spot was examined during each set of measurements. CPO-I data were obtained by averaging the first scan at each spot (16 scans total). Exposure time per scan was Ϸ30 min. Both raw and Fourier-filtered data sets were fit over the region k ϭ 3-15 Å Ϫ1 . Fits included first and second shell atoms and one multiple-scattering component. In all cases, the second shell was comprised of ␣-and meso-carbons and the Fe-C ␣ -N-Fe multiple-scattering paths (n ϭ 8, 4, and 16, respectively). The Debye-Waller factors, 2 , of Fe-C ␣ -N-Fe multiple-scattering paths and the ␣-carbons were constrained to be in a ratio of 1.25 but were otherwise allowed to vary freely. All other Debye-Waller factors were treated as free parameters. The scale factor, S 0 , was set to 0.8.
Conflict of interest statement: No conflicts declared.
This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: CPO, chloroperoxidase; CPO-I, chloroperoxidase compound I; EXAFS, extended x-ray absorption fine structure; QM͞MM, quantum mechanics͞molecular mechanics. † To whom correspondence should be addressed. E-mail: mtg10@psu.edu. ‡ In an elegant crystallographic study, Schlichting et al. (15) used cryogenic reduction and annealing techniques to examine the catalytic pathway of P450. The yield of P450-I during this process was insufficient to allow for an accurate determination of metal-ligand bond lengths. Fig. 1 shows the Fe-K x-ray absorption edges of CPO-I and ferric CPO. The absorption edge of CPO-I lies Ϸ1 eV higher in energy than the ferric edge, reflecting the increased binding energy of the 1s electrons in the Fe(IV) intermediate. CPO-I also exhibits a 1s 3 3d pre-edge transition that is typical of ferryl species (18, 19) . Table 1 lists the metal-ligand bond distances obtained by fitting the extended x-ray absorption fine structure (EXAFS) region of the CPO-I spectrum. The best fits to the raw and Fourier-filtered EXAFS data are shown in Fig. 2 .
Results and Discussion
Our Fig. 3 shows the EXAFS-determined axial-ligand bond lengths for the ferric, compound II, and compound I forms of a thiolate-ligated heme (23) . These complexes have formal iron oxidation states of III, IV, and V, respectively. Throughout this series the iron-oxygen bond displays typical coordination chemistry, shortening from 2.11 to 1.65 Å with increasing oxidation, whereas the iron-sulfur bond shows the opposite behavior, lengthening from 2.24 Å in the ferric complex to 2.48 Å in compound I. The change in iron-sulfur bond distance is driven by increasing interactions (H 2 O Ͻ OH Ϫ Ͻ O 2Ϫ ) between the donating thiolate and the distal oxygen ligand, because the number of FeO * orbitals increases from zero to two across the series. Similar trends in the trans inf luence of terminal oxo and hydroxo ligands have been observed in Fe(III) and Mn(III) Tris[(NЈ-tert-butylureaylato)-N-ethyl]aminato (Borovik's ligand) complexes (24) . The metal-nitrogen bond trans to the oxygen ligand in these compounds lengthens by Ϸ0.1 Å after going from the hydroxo to oxo complex.
Oxidation of the thiolate also may contribute to the length of the Fe-S bond. Theoretical methods predict that the proximal ligand acquires radical character during compound I formation. CPO-I is a doublet at 10 K (Ͼ99%) (11). Gas-phase calculations on the doublet ground state of a thiolate-ligated compound I yield a sulfur spin density of S ϭ 0.82 (12) , whereas the application of mixed quantum-mechanics͞ molecular-mechanics (QM͞MM) methods has resulted in sul- Raw and Fourier-filtered data were fit over the region k ϭ 3-15 Å Ϫ1 . Coordination number N, interatomic distance R (Å), mean-square deviation in R (the Debye-Waller factor), 2 (Å 2 ), and the threshold energy shift E0 (eV). The values in parentheses are estimated SDs obtained from the diagonal elements of the covariance matrix. Empirically, EXAFS uncertainties are Ϯ 0.02 Å for R and Ϯ20% for N and 2 . The fit error is defined as [¥k 6 (exptl Ϫ calc) 2 ͞¥k 6 exptl 2 ] 1/2 . Best fits are shown in boldface. Alternative fits with different coordination numbers are shown also. Coordination numbers, N, were constrained during fits. fur spin densities ranging from S ϭ 0.24 to S ϭ 0.39 (13, 14, 25, §) . The QM͞MM calculations predict Fe-S bonds ranging from 2.44 to 2.63 Å, whereas the gas-phase calculations provide an Fe-S bond of 2.69 Å. Given that errors in theoretically determined Fe-S bonds can be Ͼ0.1 Å, ¶ the range of bond lengths obtained from QM͞MM methods is in reasonable agreement with our measured value. The uncertainties in calculated Fe-S bond distances and sulfur spin densities make it difficult to draw meaningful conclusions about the magnitude of sulfur oxidation from a comparison of experimental and calculated bond lengths.
Summary
EXAFS measurements indicate that CPO-I is an authentic ferryl species with an Fe-O bond of 1.65 Å. Axial interactions between the thiolate and oxo ligands result in 2.48 Å Fe-S bond. The strong trans influence exhibited in CPO-I results in part from the donating nature of the thiolate ligand. The donating ability of the axial thiolate has been suggested to play important roles in the oxygen activation and hydrogen abstraction chemistry of P450s (9, 23) . Analogous forms of P450 and CPO have been shown to possess virtually identical coordination environments (23, 27) . Thus, it seems likely that our findings provide the best structural description to date of the elusive P450-I. The electronic structure of the thiolate-ligated ferryl radical remains to be determined. 
